Abstract: Batters are complex systems with a wide range of ingredients. Interactions between the ingredients determine batter performance and the final quality of the products coated with them. The influence of carboxymethylcellulose (CMC) on thermal properties of batter systems was studied. The combinations of wheat and rice, wheat Papers presented before CSBE/SCGAB meetings are considered the property of the Society. In general, the Society reserves the right of first publication of such papers, in complete form; however, CSBE/SCGAB has no objections to publication, in condensed form, with credit to the Society and the author, in other publications prior to use in Society publications. Permission to publish a paper in full may be requested from the CSBE/SCGAB Secretary, PO Box 23101, RPO McGillivray, Winnipeg MB R3T 5S3 or contact bioeng@shaw.ca. The Society is not responsible for statements or opinions advanced in papers or discussions at its meetings. and corn, and rice and corn flours, with CMC added at the levels of 0.5, 1.0 and 1.5% (weight basis) were studied. Two different temperature profiles were used to simulate cooking and storage processes. Differential scanning calorimetry (DSC) was used to determine thermal properties (namely glass transition temperature, gelatinization temperature, ice melting temperature, and enthalpy) and to describe the phase transitions that occur during heating and cooling processes. CMC greatly influenced the thermal properties of batter systems. It shifted the gelatinization temperatures and decreased the total enthalpies of gelatinization. Further, CMC depressed the glass transition temperature and the total enthalpies of ice melting. The results revealed possible interactions between CMC and the other batter constituents, thus partially explaining its effect in complex batter systems.
INTRODUCTION
Hydrocolloids are often widely used as ingredients by the food industry to serve a variety of functions that add commercial value to food products. In addition to the obvious benefits of taste, texture, mouth-feel, moisture control, and water mobility, they also improve the overall product quality. They can adjust the keeping qualities of food products to better withstand the demands of processing, distribution, and final preparation for the consumption table. From a health perspective, hydrocolloids have been used in batter and breading systems to block fat absorption during deep-fat frying so that lower fat and more nutritious coated food products could be created (Meyer 1990; Hsia et al., 1992; Balasubramaniam et al., 1997; Annapure et al., 1999; Holownia et al., 2000; Garcia et al., 2001; Mellma 2003; Sanz et al., 2004) . However, addition of hydrocolloids might further complicate critical behavior of a batter system. Therefore, it is important to understand the interactions between flours, hydrocolloids, and other ingredients in batter systems and how these interactions might impact specific functionalities to food products.
Carboxymethylcellulose (CMC) is one of the most extensively used hydrocolloids in the food industry. Basically, CMC is water-soluble and thus is greatly attracted to water and absorbs it readily (Keller 1982) . Thus, it is expected to change the moisture transfer and related properties of food products. Cao and Vodovot (2005) reported that CMC changed the rheological and thermal properties of masa dough and the resulting tortilla's shelf-life. Andres et al. (2005) also reported that CMC greatly influenced the thermal, functional, and rheological properties of dried nixtamalised maize masa. CMC has been shown to reduce oil content in deep fat fried foods (Priya et al., 1996; Khalil 1999; Patil et al., 2001) . The physical state and physicochemical properties of batter systems influence their behavior during processing, storage, distribution, and consumption. Unfortunately, the behavior of CMC in batter systems during processing has not been studied at a superior level.
To an extent, one can generally select a gum to use for a product based on the characteristics and behavior of the gum-product interaction during the process. The effect of CMC on thermal properties of batter is important considering the molecular interactions involved in structural stability during thermal processing. It is critical to have a conceptual understanding of the characteristics of the gum and how it changes the original food system. Thus, understanding the functionality of ingredients and their interactions in batter systems during thermal processing is essential for achieving superior product quality.
There are currently only limited published studies dealing with the thermal properties of batter systems that had been formulated using wheat, rice, and corn flours with the addition of CMC. In this study, thermal properties of batter systems relevant to two different processes namely cooking and freezing storage were determined. The objectives were set to achieve a better understanding of the functionality of CMC in batter systems, and to investigate the synergistic effects of CMC and different flour blend combinations on thermal properties of various batter systems. The information from this study could aid processors to make more precise and accurate selections that could be used by the food industry in their foodstuffs.
MATERIALS AND METHODS

Batter ingredients and formulations
Wheat flour (Five Roses All Purpose Flour, Les Cuisines Five Roses Kitchens, QC, Canada), rice flour RL-100 (Riviana Foods Inc., Houston, Texas, USA), yellow corn flour (ADM Milling Co., Lincoln, Nebraska, USA), leavening agent (Sodium bicarbonate, H. Cantin Ltd, Quebec, Canada), and carboxymethylcellulose (CMC 2500, TIC Gums Inc, Maryland, USA) were used in this study. The characteristics of the flour samples, according to the flour's manufacturers, are listed in Table 1 . Three blends of flours were prepared in this study by mixing two flours, namely wheat and rice flours (WR), wheat and corn flours (WC), and corn and rice flours (CR). The two flours in each blend were mixed at five different ratios (w/w %), namely 0:100; 30:70; 50:50; 70:30 and 100:0.
Thus a total of 12 flour samples were prepared.
The batter systems were formulated with different combinations of flour and carboxymethylcellulose (0, 0.5, 1.0, or 1.5% on a flour weight basis). Other ingredients included 2.5% salt and 3.1% leavening agent (NaHCO 3 , Sodium bicarbonate). All ingredients were added on a flour dry weight basis. To formulate batters, the CMC powder was first dispersed in the total amount of cold distilled water required for the batter and mixed. After the CMC was totally dissolved, the dry ingredients (flour, salt, and leavening) were added to the CMC solution and mixed thoroughly until the batter was uniform and free of lumps. The samples that were formulated with no (0%) CMC were considered as the control samples.
All the samples were prepared with the same water-to-solids ratio. Therefore, their apparent rheological property values would indicate the functional contribution of the ingredient to the mixture. All batters were prepared with water to dry-mix in the proportion (w/w) of 1.3:1. The moisture content of the batter sample was confirmed to be about 55.6% (wet basis) by drying the samples in an oven set at 105 ºC. Batter samples were kept for at least 45 mins. at 10 ± 2 o C to allow all the ingredients to completely hydrate and for the CMC to develop a gel before measuring their thermal properties.
Determination of thermal properties
The batter systems were thermally characterized using a differential scanning calorimeter (DSC, TAQ 100, TA Instruments, Delaware, USA), previously calibrated with indium and sapphire. The values of thermal properties, namely gelatinization temperature (peak temperature, T G ), enthalpy for gelatinization (∆H G ), glass transition temperature (T g ), melting temperature (peak temperature, T m ), and enthalpy for ice melting (∆H m ), of the batters were obtained directly from the analysis by the software, TA instruments OS/2 version 5.5. The samples (10 -15 mg) were placed in aluminum pans and hermetically sealed. An empty aluminum pan was used as reference.
Two different temperature profiles were used to simulate cooking and storage process. Simulating the cooking-freezing-thawing process (namely CFT process), the samples were first heated to 120 o C at 10 o C/min from 15 o C, which is an initial temperature commonly used for batter temperature in the food industry. Then the samples were rapidly cooled to -50 o C at 20 o C/min to avoid formation of large ice crystals that could damage the food's structure. After that, the samples were heated to 25 o C as in a thawing process.
To simulate the processing of battered products being first frozen then cooked (namely FC process), the samples were first rapidly cooled to -50 o C at the rate of 20 o C/min, then heated to 120 o C at 10 o C/min. The thermal transition parameters were directly determined from the DSC thermogram curves.
Statistical design and analysis
All experiments were conducted using factorial experimental designs and analyses. The batter systems were prepared and tested in triplicate in a completely randomized design. A Two-way analysis of variance (ANOVA) using the General Linear Model (GLM) was used to study the differences and interaction effect in batter formulations, such as the main factors and their combined effects, including the ratio and type of combined flours and the levels of CMC. The significance of mean comparisons by the Scheffe's least significant difference (LSD) were determined at P<0.05 using the SAS software (SAS Institute Inc., Cary, NC, USA).
RESULTS AND DISCUSSION
Effects of different thermal processes on the thermal properties of batter systems
The gelatinization temperature (T G ) of control batter samples varied from 66.9 to 83.6 o C during the CFT process, and 67.2 to 83. for all the batter systems were in the range from 1.9 to 3.4oC and from 2.0 to 3.4oC fo cooked and uncooked samples, respectively. There was no significant difference (at 5% level) between the T m values for the various batters. However, significant differences were observed in the total enthalpy for ice melting (∆H m ) across all samples (Fig 2) . The differences in thermal properties between these two thermal profiles could be due to the structural changes in batter systems during the processes. The batter samples were cooked and formed into the solid-like coating structure in the CFT process; thus less water content remained as compared with the raw batters in which the batters were not cooked and more water remained.
The glass transition behavior of the starch-water system in the freezeconcentrated phase depends upon ice formation and is influenced dramatically by the amount of available water in the system (Addo et al., 2001; Chung et al., 2002; Hsu et al., 2003) . A fraction of compartmentalized water existed, and/or water was trapped within the network structure in the cooked batter. Therefore, it is difficult to freeze the trapped water into a crystalline ice form in the cooked samples, where the water is tightly bound inside the coating structure. Therefore, the Tg was lower in the cooked samples (CFT process) than in the uncooked batters (CF process). Also, ∆H m of the cooked samples increased as compared with that for the uncooked samples (Table3). This was probably due at least in part to uncooked batter containing more water than did in the cooked samples. However, there were no statistically significant differences observed on T m (p ≤ 0.05). They apparently required different latent heats to melt ice crystals at a similar temperature. Xue and Ngadi (2005) (Table 2 ). It might be that the starch-CMC interaction produced a more stable structure and needed a higher temperature for disorganization (Christianson et al., 1981) . Rojas et al., (1999) reported that the presence of hydrocolloids with negative charges in the masa caused a union of the water protons (H + ) and the linkage of the amylose chains with these hydrocolloids. As a consequence, they promote certain inhibition in the gelatinization of the dried nixtamalised maize masa. This evidence could be used to explain the trend in our results, since CMC is a negatively charged hydrocolloid (Keller 1982) . The results of this study collaborate the conclusions of Rojas et al. (1999) . Also, because CMC absorbed more water, resulting in decreased free water in batter systems, there was not sufficient water available to completely gelatinize the starch at low temperature, as starch gelatinized without hydrocolloids (Wang et al., 1991) . Therefore, the addition of CMC caused a slight shift of T G toward higher temperatures with increasing CMC concentration for all samples. The observed effect of CMC concentration on the T G of the batter systems was pronounced.
Effect of CMC on thermal properties of batters
The total gelatinization enthalpies of batter systems varied from 2.19 to 4.57 J/g, 2.56 to 4.46 J/g, 2.49 to 4.39 J/g, and 2.19 to 4.21 J/g for control batters, the batters containing 0.5% CMC, 1.0% CMC, 1.5% CMC, respectively. ANOVA analysis results showed significant differences in total gelatinization enthalpies among the samples (Table 2) . They decreased as the batter system CMC concentration increased. Slade and Levine (1991) , and Gimeno et al., (2004) found that a higher interaction of hydrocolloids and starch retained more water molecules, causing a higher mobility during heating, increasing the kinetic energy and decreasing the enthalpy value.
Therefore, the symbiotic effect of CMC with starch slightly increased the starch gelatinization temperature and decreased the total gelatinization enthalpies of the batter systems during the heating process.
A significant effect of CMC on the glass transition temperature was observed and is illustrated in Fig. 3 and 4 for FC and CFT, respectively. CMC similarly depressed glass transition temperatures of the samples in these two different thermal processes (FC and CFT). Statistical results showed no significant differences in the glass transition temperatures between the control samples (0% CMC) and the 0.5% CMC samples in the CFT process, suggesting that low concentrations of CMC did not demonstrate a marked influence in this parameter. But it showed that statistically the effect of CMC concentration was more pronounced in the glass transition for samples in the FC process. However, the different behavior of batters in the different systems can be attributed to differences in structure formation during the processes. It may be because, although a similar CMC-flour interaction is taking place, the CMC addition at the 0.5% level was not enough to detect differences in the structure of the coating formed by heating during CFT processing.
The glass transition temperature depends upon the total water content and the level of water binding in a polymer. Three types of associated water, namely tightly bound (non-freezing), loosely bound or interfacial (bound freezing), and free water (unbound and freezing) are generally considered to exist in food materials. The free water is easily frozen as compared with bound freezable water and appears to crystallize during cooling (Bhaskar et al., 1998) . CMC is an anionic, water-soluble polymer, causing it to compete for water with other components in the batter systems. In raw batter systems, CMC typically binds water tightly, reducing the amount of free water available in the batter systems. The effect of CMC is to cause a postponement in the freezing of the bound freezable water in CMC-batter systems. Therefore, lower temperatures were required to complete the phase transition for the batters containing the addition of CMC. Also, the CMC concentration had a significant effect on the glass transition temperatures for all raw batter systems.
In cooking-freezing-thawing (CFT) processes, CMC greatly influences the structure formation of the coating during heating and the final water content of the cooked samples (Bhaskar et al., 1998; Nakamur et al., 2004; Gimeno et al., 2004 , Gao & Vodovot, 2005 . This seems to correlate with the reorganization interactions between starch and CMC, generating a greater number of crosslinked structures during the process of forming the paste, producing a network filled with "holes" that retains a higher amount of water molecules, and further forms the solid-coating during heating. Thus, CMC increases the water content of the final cooked samples, and it consequently influences phase transition behavior such as glass transition, ice melting temperature, and total enthalpies of ice melting during cooling. Gimeno et al. (2004) and Gao and Vodovot (2005) reported similar results about CMC increasing the water content in corn tortillas and in dried nixtamalised maize masa. Therefore, the glass transition temperatures of cooked samples were depressed with elevating CMC levels. That could be attributed to the state of sorbed water inside the CMC-cooked samples, where it is mostly bound freezable water and unfreezable water, and it had increased with increasing CMC concentration. Thus, the bound freezable water required a lower temperature to form ice crystals in order to reach the glass state from the rubber state.
During the thawing process, the DSC thermograms showed that the endothermic transitions occurred due to the melting of ice crystal within batter systems. The ranges of ice melting temperatures were from 1.9 o C to 2.6 o C for all combinations flour blend batters without addition of CMC, and 1.9 to 3.4 o C for all the batters containing CMC.
ANOVA results showed statistically similar effects of CMC on the ice melting peak temperatures of the batter systems, but no significant differences were observed in the total enthalpies of ice melting, either for CFT or FT processing (Fig.5, 6 , and Table 3 ).
The concentration of CMC showed noticeable effects on the melting peak temperature of samples (raw batters) in FC processing. It may that the water absorbed by CMC leads to an increase in the viscosity of the batter systems. This may have affect heat transfer rate in the batter, thus causing a slight shift in melting temperature to a higher temperature as compared with the control samples. However, in cooked samples (CFT process), the results showed no statistically significant differences in ice melting peak temperatures between the control samples and 0.5 % of CMC batter systems. But the results apparently did show some effects on melting peak temperature, and it increased with increasing the CMC concentration from 1.0 to 1.5 % CMC in CFT processing. This might be explained as due to greater influence of higher concentration of CMC on formation of structure during heating.
The influencing CMC in batter systems of different flour blends on T G and ∆H G during heating was similar (not significantly different). However, CMC influence during cooling was different for the different flour blends. There were more pronounced effect of CMC in rice, corn flour and their combinations than wheat flour batters. This may be attributed to water limitation in the wheat flour systems due to gluten effect that restricted CMC form developing efficiency. Also, wheat gluten may have weakened the effect of CMC in wheat flour based batters. However, CMC would have equal effects when starch starts to gelatinize at high temperature.
Two different thermal processes for cooking and frozen storage were used to investigate thermal properties of batter systems formulated using different combinations of flours with the addition of CMC at three levels. The different thermal processes did not show a significant influence on the gelatinization temperature, ice melting peak temperature, or total enthalpies of gelatinization or ice melting. The addition of CMC increased the gelatinization temperature and ice melting peak temperature of the batter systems. It also depressed the glass transition temperature and decreased the total enthalpies of gelatinization, There was more pronounced effects of CMC with rice, corn, and their combined flour based batters, than with wheat flour based batters during the cooling process.
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